We calculate the branching ratios and CP asymmetries for B 0 → π + ρ − , B 0 → ρ + π − , B + → ρ + π 0 , B + → π + ρ 0 , B 0 → π 0 ρ 0 , B + → π + ω and B 0 → π 0 ω decays, in a modified perturbative QCD approach. In this approach, we calculate non-factorizable and annihilation type contributions, in addition to the usual factorizable contributions. Our result is in agreement with the measured branching ratio of B 0 /B 0 → π ± ρ ∓ , B + → π + ρ 0 , π + ω by CLEO and BABAR collaboration. We also predict large CP asymmetries in these decays.
Introduction
The rare decays of B mesons are getting more and more interesting, since they are useful for search of CP violation and sensitive to new physics. The recent measurement of B → πρ and πω decays by CLEO Collaboration [1] arouse more discussions on these decays [2] . The B → πρ, πω decays which are helpful to the determination of Cabbibo-Kobayashi-Maskawa (CKM) unitarity triangle φ 2 have been studied in the factorization approach in detail [3, 4] . In this paper, we would like to study the B → πρ and πω decays in the modified perturbative QCD approach (PQCD), where we can calculate the non-factorizable contributions as corrections to the usual factorization approach.
In the B → πρ, πω decays, the B meson is heavy, sitting at rest. It decays into two light mesons with large momenta. Therefore the light mesons are moving very fast in the rest frame of B meson. In this case, the short distance hard process dominates the decay amplitude.
The soft final state interaction is not important, since there is not enough time for the pions exchanging soft gluons. This makes the perturbative QCD approach applicable. With the final light mesons moving very fast, there must be a hard gluon to kick the light spectator quark (almost at rest) in the B meson to form a fast moving pion. So the dominant diagram in this theoretical picture is that one hard gluon from the the spectator quark connecting with the other quarks in the four quark operator of the weak interaction. There are also soft gluon exchanges between quarks. Summing over those leading soft contributions gives a Sudakov form factor, which suppresses the soft contribution to be dominant. Therefore, it makes the PQCD reliable in calculating the non-leptonic decays. With the Sudakov resummation, we can include the leading double logarithms for all loop diagrams, in association with the soft contribution.
Unlike the usual factorization approach, the hard part of the PQCD approach consists of six quarks rather than four. We thus call it six-quark operators or six-quark effective theory.
Applying the six-quark effective theory to B meson decays, we need meson wave functions for the hadronization of quarks into mesons. All the soft dynamics are included in the meson wave functions.
In this paper, we calculate the B → π and B → ρ form factors, which are input paramters used in factorization approach. The form factor calculations can give severe restrictions to the input meson wave functions. We also calculate the non-factorizable contributions and the annihilation type diagrams, which are difficult to calculate in the factorization approach. We found that this type of diagrams give dominant contributions to strong phases. The strong phase in this approach can also be calculated directly, without ambiguity. In the next section, we will briefly introduce our method of PQCD. In section 3, we perform the perturbative calculations for all the channels. And we give the numerical results and discussions in section 4. Finally section 5 is a short summary.
The Frame Work
The three scale PQCD factorization theorem has been developed for non-leptonic heavy meson decays [5] . The factorization formula is given by the typical expression,
where C(t) are the corresponding Wilson coefficients, Φ(x) are the meson wave functions. And the quark anomalous dimension γ q = −α s /π describes the evolution from scale t to 1/b. 
Wilson Coefficients
First we begin with the weak effective Hamiltonian H ef f for the ∆B = 1 transitions as
We specify below the operators in H ef f for b → d:
Here α and β are the SU ( The PQCD approach works well for the leading twist approximation and leading double logarithm summation. For the Wilson coefficients, we will also use the leading logarithm summation for the QCD corrections, although the next-to-leading order calculations already exist in the literature [8] . This is the consistent way to cancel the explicit µ dependence in the theoretical formulae.
If the scale m b < t < m W , then we evaluate the Wilson coefficients at t scale using leading logarithm running equations [8] , in the appendix B of ref. [10] . In numerical calculations, we
2 )] which is the leading order expression with Λ If the scale t < m b , then we evaluate the Wilson coefficients at t scale using the formulae in appendix C of ref. [10] for four active quarks (n f = 4) (again in leading logarithm approximation).
Wave Functions
In the resummation procedures, the B meson is treated as a heavy-light system. The wave function is defined as
where φ B (k 1 , k 2 ) is the distribution function of the 4-momenta of the light quark (k 1 ) and b quark (k 2 ). To form a bound state of B meson, the condition
is actually a function of k 1 only. Through out this paper, we use the light-cone coordinates to write the four momentum as (k + 1 , k − 1 , k ⊥ 1 ). In the next section, we will see that the hard part is always independent of one of the k + 1 and/or k − 1 , if we make some approximations. The B meson wave function is then the function of variable k − 1 (or k + 1 ) and k ⊥ 1 .
The π meson is treated as a light-light system. At the B meson rest frame, pion is moving very fast, one of k + 1 or k − 1 is zero depends on the definition of the z axis.
where m 0 = m 2 π /(m u + m d ). This is a scale characterized by the Chiral perturbation theory. The ρ meson wave function is defined as
Here for simplicity, we choose the same distribution function φ ρ for both terms p ρ and m ρ .
The latter term is the leading twist wave function, while the first term is subleading twist. In the calculations of next section, we will show that the higher twist contribution suppressed by m ρ /m B , is very small.
The transverse momentum k ⊥ is usually conveniently converted to the b parameter by Fourier transformation. The initial conditions of φ i (x), i = B, π, are of nonperturbative origin, satisfying the normalization
with f i the meson decay constants.
Perturbative Calculations
In the previous section we have discussed the wave functions and Wilson coefficients of the factorization formula in eq.(1). In this section, we will calculate the hard part H(t). This 
where 
The operators O 5 , O 6 , O 7 , and O 8 have a structure of (V − A)(V + A). Unlike the B → ππ decays, the sum of their amplitudes is 
For the (V − A)(V + A) operators the formula are different,
Comparing with the expression of M e in eq.(12), the
For the non-factorizable annihilation diagrams (e) and (f), again all three wave functions are involved. The integration of b 3 can be performed easily using δ function δ(b 3 − b 2 ). Here we have two kind of contributions, which are different. M a is contribution containing operator
The factorizable annihilation diagrams (g) and (h) involve only π and ρ wave functions. There are also two kinds of decay amplitudes for these two diagrams.
In the above equations, we have used the assumption that x 1 << x 2 , x 3 . Since the light quark momentum fraction x 1 in B meson is peaked at the small region, while quark momentum fraction x 2 of pion is peaked around 0.5, this is not a bad approximation. The numerical results also show that this approximation makes very little difference in the final result. After using this approximation, all the diagrams are functions of
of the variable of k + 1 . Therefore the integration of eq.(5) is performed safely. The scale t i 's in the above equations are chosen as
, ).
If we exchange the π and ρ in Figure 1 , the result will be different for some diagrams.
Because this will switch the dominant contribution from B → π form factor to B → ρ form factor. The new diagrams are shown in Figure 2 . Inserting (V − A)(V − A) operators, the corresponding amplitude for Figure 2 (a) is
while the second diagram Figure 2 , which can be extracted from eq.(21)
For (V − A)(V + A) operators, Figure 2 (a) and 2(b) give
For the nonfactorizable diagrams Figure 2 (c) and 2(d) the result is
For the nonfactorizable annihilation diagrams (e) and (f), we have
For the factorizable annihilation diagrams (g) and (h)
If the ρ meson replaced by ω meson in Figure 1 and 2, the formulas will be the same, except replacing f ρ by f ω and φ ρ replaced by φ ω .
In the language of the above matrix elements for different diagrams eq.(9-28,), the decay amplitude for B 0 → π + ρ − can be written as
where
The C ′ i s should be calculated at the appropriate scale t using equations in the appendices of ref. [10] . The decay amplitude of the charge conjugate decay channel B 0 → ρ + π − is the same as eq.(29) except replacing the CKM matrix elements ξ u to ξ * u and ξ t to ξ * t under the definition of charge conjugation C|B 0 = −|B 0 .
The decay amplitude for B 0 → π 0 ρ 0 can be written as
The decay amplitude for B + → ρ + π 0 can be written as
The decay amplitude for B + → π + ρ 0 can be written as
From eq.(29-33), we can verify that the isospin relation
holds exactly in our calculations.
The decay amplitude for B + → π + ω can also be written as expressions of the above F i and M i , but remember replacing f ρ by f ω and φ ρ by φ ω .
The decay amplitude for B 0 → π 0 ω can be written as
Numerical calculations and discussions of Results
In the numerical calculations we use
For the π wave function, we neglect the b dependence part, which is not important in numerical analysis. We use the same distribution function for the axial vector part as B → ππ, and B → πK decays [10, 11] .
The subleading twist wave function φ P π is chosen as
which can further suppress the contribution from the higher twist wave functions.
In B → πρ decays, it is the longitudinal polarization of the ρ meson contribute to the decay amplitude. Therefore we choose the wave function of ρ meson similar to the pion case in eq.(37)
For B meson, the wave function is chosen as
with ω b1 = 0.28 GeV, ω b2 = 0.4 GeV. N B = 6372.69 is a normalization factor. We choose a little smaller m 0 and ω b1 than that used in B → ππ decays [10] . These changes make the B → ρ form factor a little larger than the B → π form factor. This set of parameters only raise the B 0 → π + π − branching ratios around 20%. This is still in good agreement with the current experimental measurement [13] . And we will see later that, this set of parameters will
give good results of B → πρ and πω decays. With the above chosen wave functions, we get the corresponding form factors at zero momentum transfer are:
They are close to the light cone QCD sum rule results [14] .
The CKM parameters we used here are |V ud | = 0.9740 ± 0.0010 |V ub /V cb | = 0.08 ± 0.02
|V cb | = 0.0395 ± 0.0017 |V * tb V td | = 0.0084 ± 0.0018.
(41)
We leave the CKM angle φ 2 as a free parameter. φ 2 's definition is
In this parameterization, the decay amplitude of B → πρ can be written as where z = V * tb V td V * ub V ud P T , and δ is the relative strong phase between tree (T) diagrams and penguin diagrams (P). z and δ can be calculated from PQCD. The corresponding charge conjugate decay mode is then
Therefore the averaged branching ratio for B → πρ is
Eq.(45) shows that the averaged branching ratio is a function of cos φ 2 . This gives potential method to determine the CKM angle φ 2 by measuring only non-leptonic decay branching ratios.
There are four decay channels of B 0 /B 0 → π + ρ − , B 0 /B 0 → ρ + π − . Due to BB mixing, it is very difficult to distinguish B 0 fromB 0 . But it is very easy to identify the final states.
Therefore we sum up B 0 /B 0 → π + ρ − as one channel, and B 0 /B 0 → ρ + π − as another, although the summed up channels are not charge conjugate states. We show the branching ratio of B 0 /B 0 → π + ρ − , B 0 /B 0 → ρ + π − , B + → π + ρ 0 , B + → ρ + π 0 , and B + → π + ω decays as a function of φ 2 in Figure 3 . The branching ratio of B 0 /B 0 → π + ρ − is a little larger than that of B 0 /B 0 → π − ρ + decays. Each of them is a sum of two decay channels. They are all larger when φ 2 is larger. The average of the two is in agreement with the the recently measured branching ratios by CLEO [1] and BABAR [15] Br
There are still large uncertainties in the experimental results. Therefore it is still early to fully determine the input parameters and to tell the CKM angle φ 2 from experiments.
The branching ratios of B + → π + ρ 0 and B + → π + ω have little dependence on φ 2 . They are a little smaller than the CLEO measurement [1] showed below, but still within experimental error-bars.
Br(B + → π + ω) = 11.3 +3.3 −2.9 ± 1.4 × 10 −6 .
The averaged branching ratios of B 0 → π 0 ρ 0 and π 0 ω are shown in Fig.4 . They also have a large dependence on φ 2 . The behavior of them is quite different, due to the different isospin of ρ 0 and ω. But their branching ratios are rather small around 10 −7 . They can not be measured in the current running B factories.
Using eq.(43-44), we can derive the direct CP violating parameter as
Unsuprisingly, it is a function of cos φ 2 and sin φ 2 . They are calculable in our PQCD approach.
The direct CP violation parameters as a function of φ 2 are shown in figure 5 . large strong phase required by the large direct CP asymmetry is from the non-factorizable and annihilation type diagrams, especially the annihilation diagrams. This is the different situation in Factorization approach where the main contribution comes from BSS mechanism [16] and the annihilation diagram has been nelected [9] . The direct CP violation of B + → π + ω is rather small, since the annihilation diagram contributions in this decay is almost canceled out in eq.(35). The preliminary measurement of CELO shows a large CP asymmetry for this decay [17] A CP (B + → π + ω) = 34 ± 25%.
Although the sign of CP is in agreement with our prediction, the central value is too large. If the result of central value remains in future experimetns, we may expect new physics contributions.
For the neutral B 0 decays, there is more complication from the B 0 B 0 mixing. The CP asymmetry is time dependent [9] :
where ∆m is the mass difference of the two mass eigenstates of neutral B meson. The direct CP violation parameter A dir CP has already been defined in eq.(50). While the mixing-related CP 
as a function of CKM angle φ 2 .
violation parameter is defined as
(54)
Using equations (43,44), we can derive as
λ CP and a ǫ+ǫ ′ are functions of CKM angle φ 2 only. Therefore, the CP asymmetry of B → πρ and πω decays can measure the CKM angle φ 2 , even if for the neutral B decays including the BB mixing effect.
If we integrate the time variable t, we will get the total CP asymmetry as
with x = ∆m/Γ ≃ 0.723 for the B 0 − B 0 mixing in SM [12] . The total CP asymmetries of B 0 → π 0 ρ 0 , π 0 ω are shown in Figure 6 . Although the CP asymmetries are large, but it is still difficult to measure for experiments, since their branching ratios are small around 10 −7 . The CP asymmetries of B 0 /B 0 → π ± ρ ∓ are very complicated. Here one studies the four time-dependent decay widths for B 0 (t) → π + ρ − ,B 0 (t) → π − ρ + , B 0 (t) → π − ρ + andB 0 (t) → π + ρ − [18, 19, 20] . These time-dependent widths can be expressed by four basic matrix elements
which determine the decay matrix elements of B 0 → π + ρ − & π − ρ + and ofB 0 → π − ρ + & π + ρ − at t = 0. The matrix elements g andh are given in eq.(29,30). The matrix elements h andḡ are obtained fromh and g by changing the signs of the weak phases contained in the products of the CKM matrix elements. We also need to know the CP-violating parameter coming from the B 0 -B 0 mixing. Defining:
with |p| 2 + |q| 2 = 1 and q/p = H 21 /H 12 , with H ij = M ij − i/2Γ ij representing the |∆B| = 2 and ∆Q = 0 Hamiltonian. For the decays of B 0 andB 0 , we use,
So, |q/p| = 1, and this ratio has only a phase given by −2φ 1 . Then, the four time-dependent widths are given by the following formulae (we follow the notation of [20] ):
We calculate the above four CP violation parameters related to B 0 /B 0 → π ± ρ ∓ decays in PQCD. The results are shown in Fig.7 as a function of φ 2 . Comparing the results with the factorization approach [9] , we found that our predicted size of a ′ ǫ and aǭ′ are smaller while a ǫ+ǫ ′ and a ǫ+ǭ ′ are larger. By measuring the time-dependent spectrum of the decay rates of B 0 andB 0 , one can find the coefficients of the two functions cos ∆mt and sin ∆mt in eq.(60) and extract the quantities a ǫ ′ , a ǫ+ǫ ′ , aǭ′, and a ǫ+ǭ ′ . Using these experimental results, we can tell the size of CKM angle φ 2 from Fig.7 .
Summary
We calculate the
and B 0 → π 0 ω decays, together with their charge conjugate modes, in a modified perturbative QCD approach. We calculate the B → π and B → ρ form factors, which are in agreement with the QCD sum rule calculations. In addition to the usual factorization contributions, we also calculate the non-factorizable and annihilation diagrams. Although they are subleading contributions in the branching ratios of these decays, they are not negligible. Furthermore these diagrams provide the necessary strong phases required by the direct CP asymmetry measurement. Our calculation gives the right branching ratios, which agrees well with the CLEO and BABAR measurements. We also predict large direct CP asymmetries in B + → ρ + π 0 and B + → π + ρ 0 decays. Including the BB mixing effect, the CP asymmetries of B 0 → π 0 ω and B 0 → π 0 ρ 0 are very large, but their branching ratios are small in SM. The CP asymmetry parameters of B 0 → π + ρ − , B 0 → ρ + π − decays require the time dependent measurement of branching ratios.
A Related functions defined in the text
We show here the function h i 's, coming from the Fourier transform of H (0) ,
where J 0 is the Bessel function and K 0 , I 0 are modified Bessel functions K 0 (−ix) = −(π/2)Y 0 (x)+ i(π/2)J 0 (x).
The Sudakov factors used in the text are defined as
where the function s(q, b) are defined in the Appendix A of ref. [10] .
